ABSTRACT
Introduction
Freezing temperatures are a major factor limiting the geographical locations suitable for growing crop and horticultural plants and periodically account for significant losses in plant productivity. the freezing tolerance of many plants increases upon their exposure to low nonfreezing temperatures, a phenomenon known as cold acclimation (cA). Many temperate plants increase their freezing tolerance (Ft) in response to low, nonfreezing temperatures (37) . cold acclimation is characterized with physiological and biochemical changes that result from the selective increases or decreases in the biosynthesis of a large number of distinct proteins (29) . cold stress disturbs plants' metabolic reactions and adversely affects plant growth and development. to overcome these unfavorable conditions, plants have established a mechanism to acclimate to cold by triggering a cascade of events leading to enhanced cold tolerance. in this course, transcription factors play a key role (18, 34) .
AtP is a vital molecule used by living organisms as a universal source of energy required to drive the cogwheels of intracellular biochemical reactions necessary for growth and development (8) . AtP is a ubiquitous, energy-rich compound in all cells of living organisms. the presence of intracellular AtP has been recognized since its discovery in living cells (14) . It is generally agreed in the field that the primary targets of freezing damage in plants are cellular membranes (12) . the proton-pumping AtPase (h(+)-AtPase) of the plant plasma membrane generates the proton motive force across the plasma membrane that is necessary to activate most of the ion and metabolite transport (28) . h + -AtPase exits in plasma membrane and all kinds of inner membrane for the cells of animals and plants. the vacuolar h(+)-translocating AtPase (V-type AtPase) plays a very important physiological role in metabolic pathways. in particular, the vacuolar (h+)-AtPases (V-AtPases) play a central role in adaptation to stress (35) .
the V-AtPase subunit c gene was obtained from Antarctic notothenioid fishes. Analysis of the expression of the genes induced during cold acclimation is important for understanding the mechanism of cold tolerance and for using in breeding cold tolerant plants. this also encouraged us to transform this V-AtPase subunit c gene to plants with the aim to evaluate the potential of V-AtPase subunit c in protecting transgenic tobacco plants from cold damage.
Materials and Methods
Plant expression plasmid construction the full length cDnA coding for V-AtP of the Antarctic notothenioid fish (Dissostichus mawsoni) was amplified by ATPase SUBUNIT C FROM  ANTARCTIC NOTOTHENIOID FISHES ON COLD TOLERANCE IN TOBACCO   tingqin Wang   1,2 , linghong Zhu 1* and changlian Peng ATP-AtG(AtAcGcGtAtGtcGGccGAAAGtc) /ATPtGA (cGGGAAttcttAtttcGtGGAGAGGA) (the MluI and EcoRI sites are underlined). the condition of PcR-mediated assembly was 10 min at 95 °c, 30 s at 95 °c, 30 s at 55 °c and 1 min at 72 °c for 25 cycles followed by an additional 10 min at 72 °c to ensure complete extension for all PcR reactions. After that, the PcR product was cloned into the vector pcAPe2 of the peBV-ViGS vector system and the integrity of the construct was verified by sequencing. The cDNA of ATP was digested with MluI and EcoRI, and the GFP region ( Fig. 1 ) was replaced by it. then, the recombinant vector was transformed to E.coli Dh5a competent cell for plasmid preparation. peBV-ViGS is a silent binary carrier system, including two t-DnA vectors: pcAPe1 and pcAPe2. pcAPe1 contains the full cDnA of the peBV's genomic RnA1, and encodes various factors which manipulate the virus movement and duplication; it can also infect plants individually. pcAPe2 includes RnA2 of the peBV, which can transcribe and synthesize the coat protein of peBV, GFP protein under the guidance of 35S promoter in plant cells. When infecting plants, pcAPe1 and pcAPe2 enter into the host cells. then, the 35S promoter in the t-DnA region can be transcribed. the peBV-ViGS system can express an exogenous gene: GFP. the GFP gene can be replaced by other exogenous genes. the AtPase subunit c gene was inserted into pcAPe2 to replace the GFP gene as an exogenous one and the recombined vector pCAPE2-ATP was finished. The reading frame of the recombined plasmid is from left to right and the resistance is to kanamycin. Transformation of tobacco the recombinant plasmid pcAPe2-AtP was transformed into the competent cells of Agrobacterium GV3101 strain by the liquid nitrogen freeze-thaw method (1). Young and fresh tobacco leaves were used for gene transformation experiments. Before transformation, the pcAPe2-AtP was mixed with pcAPe1 at a 1:1 ratio. tobacco leaf discs (1 to 2 inches in length) were injected with the mixture containing pcAPe2-AtP and pcAPe1 with a 1 ml no-needle injector from the back of the leaves. the transgenic and wild type tobacco were grown in the dark at 25 °c for one day and then the plants were grown for 2 weeks in the greenhouse (25 °) for cold treatment preparation.
EFFECT OF OVER-EXPRESSION OF V-

Reverse transcription-PCR (RT-PCR) analysis
Genomic DnA was extracted from leaves, according to the method of Michaels et al. (27) . these genomic DnA samples were used as a template for PcR with the primers described above, to identify the V-AtPase subunit c gene. total RnA was isolated from plant leaves using trizol reagent (tiangen, china) according to the supplier's instructions, after 2 weeks in the greenhouse (25 °c). Reverse transcription was carried out using an MlV-kit (taKaRa tP600, JPn). PcR reaction conditions were the same as those for an internal standard gene and the RtPcR products were analyzed by agarose gel electrophoresis to check the transcription of V-AtPase subunit c
Cold treatment
Six plants from transgenic and wild-type tobacco plants were chosen randomly to be subjected to cold treatment (0 °c and 4 °c). the cold treatments were conducted by using three growth chambers (RXZ-500, ningbo instrument, china). the air temperatures were maintained at 25 °c, 4 °c and 0 °c, respectively. In three chambers, the photosynthetic photon flux density (PPFD) was ca. 200 µmol·m -2 ·s -1 with a photoperiod of 16 h; and the relative humidity was ca. 65 %. All pots were watered to maintain the soil water content of ca. 50 % every afternoon. the cold treatment lasted for 20 days (4 °c) or 15 days (0 °c), and the phenotypes were observed.
Electrolyte leakage measurements increased electrolyte leakage is used to monitor loss of membrane integrity, and hence, indicates cellular damage caused by stress (23) . the percentage of electrolyte leakage was measured to evaluate the degree of cold injury in tobacco seedlings. leaf samples for wild-type (Wt) and overexpression (oe) plants exposed to different temperatures were washed with de-ionized water and then immersed in 10 ml of de-ionized water. After vacuum infiltration, the electric conductivity of the supernatant (S1) was detected using a Fe30 (MettleR toleDo, Switzerland) detector. the samples were then lethally boiled for 20 min and allowed to cool to room temperature. the solution conductivity was measured as the final conductivity (S2, maximum conductivity of tissues) at this time. electrolyte leakage was calculated as the percentage of initial (S1) to final (S2) conductivity. For statistical analysis, the mean value of three tested plants of each line and for each treatment was calculated and used for comparing with the wild-type plants. Data was analyzed using SPSS software.
MDA content the level of lipid peroxidation for Wt and oe plants was measured at different temperatures on the basis of the accumulation of malondialdehyde (MDA), a major product of lipid peroxidation (13) using a tBA (trichloroacetic thiobarbituric acid) reaction (15) . Seedling leaves (3 g FW) were homogenized in 3 ml of 10 % tcA (trichloroacetic thiobarbituric acid) and centrifuged at 12 000×g for 5 min at 4 °c and 0 °c. A 2 ml supernatant was mixed with 2 ml of 0.6 % tBA which was prepared by 10 % tcA. the mixture was boiled for 15 min, cooled to room temperature, and centrifuged at 12 000×g for 5 min. the supernatant was analyzed with a spectrophotometer. the MDA content was calculated by multiplying the difference between the absorbance at 535 nm and 600 nm by the molar extinction coefficient of 6.45×10 5 m
, and from the product was subtracted the absorbance at 435 nm multiplied by the extinction coefficient of 0.56×10 5 m
. Statistical analysis was the same as above.
Proline content measurement
Proline appears to be the most widely distributed osmolyte accumulated under stress conditions (13) . compatible osmolytes, such as proline and various sugars, accumulate in many plants under cold stress; these osmolytes function as osmoprotectants (38) . leaves were collected for studying the proline levels in Wt and transgenic tobacco under cold treatment for a different number of days. leaves (0.2 g) were homogenized in 5 ml of 3 % aqueous sulfosalicylic acid, and centrifuged. Free proline amount was measured using a spectrophotometer, as described by Bates et al. (3), and calculated as ng/g (FW).
Soluble protein content measurement the content of soluble proteins was determined as described by Bradford (4) . the protein content of the extracts was determined from the standard curve.
Chlorophyll fluorescence measurements
During cold treatment, chlorophyll fluorescence parameters were measured in situ continuously at 4 d intervals with a portable pulse-modulated fluorimeter PAM-2100 (Walz, efeltrich, Gemany). leaf samples were pre-darkened for 15 min before measurements of the minimum ( 
Results and Discussion
Identification of transgenic plants
We chose the top leaves of tobacco which had been grown for 2 weeks in the greenhouse (25 °c) to do Rt-PcR. the cDnAs from the transgenic tobacco of AtPase subunit c gave rise to amplification products of the correct size, which indicated that the AtPase subunit c gene was transcribed. no bands were visible from Wt plants and RnAs without Rt (Fig. 2) . these Rt-PcR results show that the AtP-PcAPe2 gene was expressed well in tobacco after 2 weeks in the greenhouse.
Cold resistance analysis of transgenic tobacco transgenic and wild-type tobacco seedlings in similar states of growth and displaying no visible phenotypic differences were chosen for cold treatment before transfer of pcAPe2-AtP into tobacco (Fig. 3a1, Fig. 3a2) . three-week-old oe and Wt plants were grown in a growth chamber (25 °), under a long-day photoperiod (16 h light, 8 h dark) . the leaves of Wt plants were all dwarf after exposure to 4 °c for 20 d (Fig. 3b1) and 0 °c for 15 d (Fig. 3b2) , respectively. the oe plants grew well and taller than the Wt tobacco. the differences between the Wt and oe tobacco were also manifested during recovery. the oe plants grew well and taller than the Wt ones after recovering at room temperature for 2 weeks after 4 °c treatment (Fig. 3c1) , whereas the Wt tobacco was dead after recovering at room temperature for one week after 0 °c treatment (Fig. 3c2) . these results indicated that transgenic tobacco showed increasing cold tolerance and grew better under cold treatment in comparison with Wt tobacco. the existence of a cold-resistance gene has not been clearly demonstrated up to now. however, compared with warm-water fishes, Antarctic notothenioid fishes have 177 genes over-expressed (7) . We had the AtP gene cloned into pcAPe2 plasmid, and then, the recombinant plasmid was introduced into tobacco plants with the aim to estimate their cold tolerance. indeed, the cold-tolerance of the AtP transgenic tobacco had improved according to the results of transgenic tobacco plants which were treated at 4 °c for 20 d and at 0 °c for 15 d. And the cold tolerance of Antarctic notothenioid was increased by over-expression of AtP in tobacco plants. obviously, the cold-resistance of Antarctic notothenioid fishes was not only induced by AtP over-expression but could be a multiple gene synergetic action. our results could contribute to the elucidation of cold-resistance.
Ion leakage
Relative membrane permeability, usually presented as electric conductivity ratio, is an important indicator of cold damage in plants. the semi-permeability of the tobacco plasma membranes was disrupted at low temperature and the effusion of electrolytes resulted in increased electric conductivity in these tissues.
oe and Wt tobacco plants were treated for 0 d and 20 d at 4 °c and were allowed to recover for 8 d (Fig. 4a) . there was no difference between the electrolyte leakage from oe and Wt tobacco plants before cold treatment (0 d). the ionic leakage increased after 20 d at 4 c and recovery for 8 d. the relative electrolyte leakage of oe tobacco was lower than that of Wt plants after 4 °c for 20 d and recovery, and it reached a marked difference after 20 d of exposure to 4 °c.
Before 0 °c treatment, there was no electrolyte leakage difference between oe and Wt tobacco plants (Fig. 4b) . there was also a marked difference in the ion leakage rate after 5 d, 10 d, 15 d exposure to 0 °c and after 4 d recovery: the electrolyte leakage increased after exposure to 0 °c and after 4 °d recovery. the relative electrolyte leakage of all oe tobacco was lower than that of Wt plants and reached a significant difference over time.
Low temperature stress caused significant increases in electrolyte leakage in both Wt and oe (Fig. 4a,b) . however, electrolyte leakage was higher in Wt compared to oe plants after 4 °c and 0°°c stress. that is, the detrimental effects were more pronounced for Wt than for oe plants. the leakage of an electrolyte from the leaves of transgenic tobacco overexpressing dehydin was less than that of wild tobacco when plants were treated at sub-zero temperatures (19) . Although low temperature stress caused an obvious increase in electrolyte leakage, the effect was much milder in oe. the V-AtPase subunit c gene may enhance the cold tolerance by attenuating lipid peroxidation in transgenic tobacco.
MDA content the content of malondialdehyde (MDA), which is an endproduct of lipid peroxidation, was determined using the thiobarbituric acid reaction (36) . MDA levels were determined to analyze the lipid peroxidation level. they were increased in the Wt plants and oe lines after 4 °c treatment for 20 d (Fig. 5a) . the MDA content of Wt plants was higher than that in oe plants both after 4 °c for 20 d and recovery to normal conditions. it reached a marked difference after 20 d at 4 °With the time gradient at 0 °c for 0 d, 5 d, 10 d, the MDA content increased, but the increases were more pronounced in Wt plants (Fig. 5b) . At 0 °c for 15 d, the MDA content declined a little firstly, and then increased before recovering back to normal conditions. over time, the MDA content of Wt tobacco was higher than that in oe plants and there was a clear difference between them except at 0 d.
the results for the MDA content indicated that the increased protection of membrane integrity was one of the key factors for the AtP-expressed cold tolerance.
the MDA content of plant leaves is an indicator of oxidative stress and membrane damage resulted from cold stress (24) . Studies have shown that freezing conditions caused a decrease in MDA content and enhanced the freezing resistance (32, 30) . MDA content was measured after freezing treatment (4 °c and 0 °c) and recovery (Fig. 5) . the MDA content was also increased after low temperature stress. it showed that the Wt plants contained more MDA than the oe ones. We can propose that AtP transgenic tobacco gains enhanced freezing resistance through decreasing the MDA content.
Proline content
Proline accumulation is a common response to many biotic and abiotic stresses in plants (26) . Free proline content increases in plants in response to low temperature and other abiotic stresses (11) . Under normal conditions, there was no statistically significant difference between the proline content in WT and oe seedlings at 4 °c and 0 °c (Fig. 6a,b) . there was proline accumulation at 4 °c for 20 d and recovery to normal conditions, it was higher in oe than in Wt and it reached a clear difference at 4 °c for 20 d.
the proline content was enhanced after 0 °c treatment and recovery to normal conditions (Fig. 6b) . in short, there was a higher proline content in oe plants than in Wt ones, there was a clear difference at 0 °c for 10 d and 15 d.
Proline accumulation was a common response to many biotic and abiotic stresses in plants. in contrast, proline accumulation has also been considered as a symptom of injury rather than an indicator of low temperature tolerance (16) . Proline is a substance for protecting membrane permeability and maintaining the osmotic balance of cells during cold stress (25) . in our study the proline content in tobacco increased under low temperature and recovery, but the oe plants accumulated more proline than the Wt ones at low temperature (Fig. 6) . the increased cold tolerance of oe partially contributed to high accumulation of proline. this is consistent with oVP1 transgenic rice cold tolerance (39) .
Soluble protein content
Synthesis of specific proteins is an important mechanism involved in increasing cold tolerance (21) . one feature of cold hardening in some species is an increase in soluble proteins (9, 31, 22) .
in our experiments, the difference in the soluble protein content between the oe and Wt plants was the same as that for proline above at 4 °c (Fig. 7a) . there was no statistically significant difference between soluble protein content in Wt and oe seedlings at 4 °c and 0 °c. there was soluble protein accumulation at 4 °c for 20 d and recovery to normal conditions, it was higher in oe than in Wt and it reached a clear difference at 4 °c for 20 d.
At 0 °c, the soluble protein content increased constantly after 0 °c treatment for 5 d, 10 d, and 15 d, then dropped a little after recovery to room temperature (Fig. 7b) . the soluble protein contents were always higher in oe than in Wt, and reached a significant difference after 5 d, 10 d, and 15 d at 0 °C.
Protein accumulation in wheat cv. Glenlea, which was less tolerant in the first days of cold exposure (4 °C), was faster at the beginning of the cold treatment, and then decreased with time (6) . The synthesis of specific proteins is an important mechanism involved in increasing the freezing tolerance during cold acclimation (2) . the transfer of tobacco seedlings from room temperature to 4 °c and 0 °c resulted in an increase in the total soluble protein amounts for the oe and Wt plants (Fig. 7a,b) . it was indicated that the soluble proteins were lower in the Wt than in the oe plants. low temperature can result in the synthesis of proteins (17) . there was more protein synthesis in oe tobacco plants, increasing the cold tolerance.
Chlorophyll fluorescence
The chlorophyll fluorescence technique is an effective way to investigate the efficiency and kinetics of the photosynthetic apparatus in plants under various conditions. Fv/Fm was investigated every 4 d for the 4 °c treatment (Fig. 8a) . the changes in the primary photochemical efficiency of PSII (Fv/ Fm) and the activity showed that Fv/Fm decreased constantly at 4 °c until the 16 th day, increased a little at 4 °c on the 20 th day, and increased to the normal level for the oe and Wt tobacco recovering at room temperature for 8 d. During the whole measuring period, Fv/Fm of the oe tobacco was as a whole higher than that for the Wt tobacco. Fv/Fm declined constantly at 0 °c until the 15 th day for the oe and Wt tobacco (Fig. 8b) . it went up to the normal level for transgenic tobacco and dropped to zero for the control tobacco after recovery at room temperature for 7 d.
Growing evidence indicates that chlorophyll fluorescence is an effective parameter to reveal early signs of stress and is a suitable way to screen for stress tolerance (5) . environmental stresses that affect the efficiency of photosystem II provoke decreases in the Fv/Fm ratio (20) . lower Fv/Fm ratios were evident in Wt and oe plants under cold stress (Fig. 8a,b) ; after recovery from 4 °c the Fv/Fm ratios slowly returned to the normal level; the Fv/Fm ratios were higher in the oe than in the Wt plants during the whole period. the Fv/Fm ratios in the oe and Wt tobacco also fell below 0 °c. After recovery at room temperature, the Fv/Fm ratios in the oe plants increased to the normal level, but then went on to drop in the Wt plants, which died. this undoubtedly suggests that the oe plants had more robust photosynthetic capacities than the controls under cold conditions.
Conclusions
taken together, our results indicate that the over-expression of V-ATPase in tobacco influences the response to cold stress. it could be suggested that the utilization of this gene could prove promising in the genetic improvement of cold tolerance in economically important crops.
